A new PVC membrane electrode for the triiodide ion based on a charge-transfer complex of iodine with 7,16-dibenzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecane as a membrane carrier was prepared. The electrode exhibits a Nernstian response for triiodide ions over a wide concentration range (1.0 × 10 -1 -1.0 × 10 -5 M) with a slope of 59.3 ± 0.9 mV decade -1 and a detection limit of 6.3 × 10 -6 M. It has a response time of 30 s and can be used for at least 3 months without any divergence in the potential. The potentiometric response is independent of the pH, in the pH range 1.6 -10.0. The proposed electrode has shown very high selectivity for the triiodide ion over a wide variety of other anions. This electrode was successfully applied as an indicator electrode in the potentiometric titration of ascorbic acid and hydroquinone from pharmaceutical preparations as well as ascorbic acid in orange juice and dissolved O2 in tap water.
Introduction
Carrier-based PVC membrane electrodes are well-established analytical tools routinely used to measure a wide variety of different ions. Such electrodes respond to different ions selectively and directly in complex biological and environmental samples. [1] [2] [3] The key ingredient of such plasticized PVC membranes is the incorporated carrier, which defines the selectivity of the electrodes via selective complex formation with the anion of interest. Among different anion carriers used for this purpose, 4 the use of metalloporphyrins, [5] [6] [7] [8] [9] [10] metal complexes, 11, 12 and organometalic compounds 13, 14 as ionophores in solvent polymeric membrane electrodes are well known to induce potentiometric anion selectivity sequences that differ significantly from the classical Hofmeister pattern. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Despite the need for a triiodide ion-selective electrode for the determination of iodide and triiodide ion in many medical, 17, 18 juice (as ascorbic acid in orange juice) 20 and environmental samples (such as dissolved O2 in water), [15] [16] [17] [18] [19] [20] [21] [22] [23] to date there have been limited reports on an I3 -ion-selective electrode in the literature. [17] [18] [19] 22, 23 Furthermore, it is interesting to note that, to the best of our knowledge, there is one literature report concerning the use of charge-transfer complexes of crown ethers for preparing an ion-selective electrode. 23 In this article, we report on a highly selective PVC-based membrane sensor for the I3 -anion based on a charge-transfer complex between iodine and 7,16-dibenzyl-1,4,10,13-tetraoxa-7,16-diazacyclooctadecan (DBZDA18C6), formulated as (DBZDA18C6·I + )I3 -, as suitable sensing material.
Experimental

Reagents
Reagent-grade dibutyl phthalate (DBP), acetophenone (AP), dimethyl sebacate (DMS), molecular iodine, sodium inorganic salts, high relative molecular weight PVC and tetrahydrofuran (THF) (all from Merck) were used as received. DBZDA18C6 (I) and its iodine charge-transfer complex, (DBZDA18C6·I + )I3 -, were prepared as described elsewhere. 22 Doubly distilled deionized water was used throughout. The pH adjustment was made by the addition of 1.0 M HNO3 and NaOH.
Synthesis of ionophore
The 1:2 charge-transfer complex between DBZDA18C6 and iodine, formulated as (DBZDA18C6·I + )I3 -, was prepared as described elsewhere 22, 23 (see Scheme 1). The resulting (DBZDA18C6·I + )I3 -, solid complex was purified from reagentgrade chloroform, vacuum dried for 48 h and characterized by elemental analysis and UV-Vis spectroscopy.
This complex was used as an ionophore in the preparation of a PVC membrane, ISE.
Electrode preparation
The membrane electrode was prepared as reported previously. 10, 25 The sensor material with DBP, AP or DMS as a plasticizer and PVC were dissolved in 2 ml of THF. The resulting mixture was transferred into a glass dish of 2 cm diameter. The solvent was slowly evaporated until an oily concentrated mixture was obtained. A Pyrex tube (8 -10 mm o.d.) was dipped into the mixture for about 5 s so that a nontransparent membrane of about 0.30 mm thickness was formed. The tube was then pulled out from the mixture and kept at room temperature for about 12 h. The tube was then filled with an internal filling solution of 1.0 × 10 -3 M KI3. The electrode was finally conditioned by soaking in a 1.0 × 10 -3 M triiodide solution for about 24 h. A silver/silver chloride wire was used as an internal reference electrode.
Apparatus
All EMF measurements were carried out with the following assembly:
A Metrohm ion analyzer Model 632 pH/mV meter was used for potential and pH measurements at 25.0 ± 0.1˚C. Activities were calculated according to the Debye-Hückel procedure. 26 A recording UV-Vis spectrophotometer (Model Cary) with a 10 mm quartz cell was used for absorbance measurements. Figure 1 shows the electronic absorption spectra of I2, DBZDA18C6 and their mixture in a chloroform solution. The existence of new bands at 295 and 363 nm of the electronic spectrum of a mixture of I2 and DBZDA18C6 in chloroform must be associated with a charge-transfer complex, 24 since neither the crown ether nor iodine are absorbed significantly in this spectral region. It is well known that the 295 and 363 nm bands imply the formation of triiodide ions, in the process of complex formation between iodine and different donor molecules. [27] [28] [29] [30] [31] Due to such an interesting feature, we examined the possibility of using a 1:2 charge-transfer complex between DBZDA18C6 and I2, formulated as (DBZDA18C6·I + )I3 -, as ion carrier in PVC-based membranes for the I3 -ion.
Results and Discussion
It is well known, that the sensitivity and selectivity obtained for a given electrode not only depend on the nature of the ionophore used, but also significantly depend on the membrane composition and the properties of the plasticizers and additives used. [32] [33] [34] [35] [36] [37] Thus, the influence of the membrane composition as well as the nature and amount of the plasticizer on the potential response of the I3 -sensor were investigated; the results are summarized in Table 1 .
Several plasticizers, including DBP, DMS and AP, were evaluated. Since the nature of a plasticizer influences the dielectric constant of the membrane phase, the mobility of the ionophore and the state of the ligands, [38] [39] [40] it is expected to play an important role in determining the ion-selective characteristics. As can be seen from Table 1 , among the different plasticizers examined, DBP resulted in the best sensitivity and the widest linear range. Hence, DBP was used in further studies.
The dependence of the electrode response (slope and detection limit) on the amount of carrier was also examined ( Table 1 ). The data indicate that the optimum amount of the ionophore (DBZDA18C6·I + )I3 -in the membrane is 1.6 mg (No. 4. Table 1 ). Concentrations, above 1.6 mg ionophore in membrane (No. 7) showed a super-Nernstian response toward the triiodide ion, and a concentration below 1.6 mg led to a diminished response (No. 2); thus, a carrier content of 1.6 mg was chosen as the optimum condition (No. 4, Table 1 ). An increase of the uncomplexed primary anion (I3 -) in the membrane phase (the free ions come from dissociation of the charge transfer complex in the membrane phase) may be responsible for the super-Nernstian response obtained towards I3 -ions. 23 Furthermore, the addition of ionophores (more than 2 mg) will, however, result in a diminished response of the electrode (No. 8), most probably due to some inhomogenities and possible saturation of the membrane. 33 The plasticizer/PVC ratios of 1.7 -2.1 were examined. The membranes prepared with a plasticizer/PVC ratio of about 1.8 were found to have the best sensitivity ( Table 1) .
The influence of the concentration of an internal I3 -solution on the potential response of the I3 -ion-selective electrode was studied; the triiodide concentration was changed from 1.0 × 10 -4 to 1.0 × 10 -2 M and an emf P (I3 -) plot was obtained. Plasticizer PVC Ionophore (I) found that the variation in the concentration of the internal solution does not cause any significant difference in the potential response, except for an expected change in the intercept of the resulting Nernstian plot. A 1.0 × 10 -3 M concentration of the internal solution is quite appropriate for smooth functioning of the system. The optimum equilibration time for the membrane sensor in a 1.0 × 10 -3 M I3 -solution was 24 h. It generated stable potentials when placed in contact with the I3 -solution. The measured response time t(95%) was 30 s for I3 -concentrations of ≤ 1.0 × 10 -3 M. It is noteworthy that the equilibrium potentials essentially remained constant for more than 5 min, after which only a very small divergence within the resolution of the pH meter was recorded.
The emf response of the proposed I3 -sensor (prepared under optimal membrane ingredients) indicates a rectilinear range from 1.0 × 10 -5 to 1.0 × 10 -1 M. The slope of the calibration curve was 59.3 ± 0.9 mV/decade (Fig. 2) . The limit of detection, as determined from the intersection of the two extrapolated segments of the calibration graph, was 6.3 × 10 -6 M.
The influence of the pH on the response of the electrode to 1.0 × 10 -3 M potassium triiodide solution over a pH range from 1.0 -12.0 was studied; the results are given in Fig. 3 . As can be seen, the membrane electrode could be suitably used in the pH range of 1.6 -10.0. For pH > 10.0, the potential increased sharply, most probably due to a disproportion reaction of I3 -, resulting in the formation of hypoiodate and iodide, both of which are insensitive to the membrane electrode.
Among the most important characteristics of an anionselective electrode is its relative response for the primary anion over other anions present in solution, which is usually expressed in terms of the potentiometric selectivity coefficient (K I 3 -.j pot ). In this work, the selectivity coefficients over interfering anions were evaluated by the modified separate solution method, as described by Bakker. 42 According to this method, the potentiometric calibration curves are obtained for primary (i) and interfering ions (j), and the values of Ei 0 and Ej 0 are determined by extrapolating the response function to 1.0 M activities. Equation (1) can be used to determine the selectivity coefficients by this method. The resulting KI 3 -.j values are listed in Table 2 .
(1)
From the data given in Table 2 , it is immediately obvious that the proposed triiodide sensor is highly selective with respect to hydrophobic anions, such as ClO4 -, SCN -and I -. This results suggest that the complexes of ionophore and triiodide are more stable than complexes of those hydrophobic anions. 24 Furthermore, as can be seen in Table 2 , with the exception of the I -ion, for all of the diverse anions used, the selectivity
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coefficients were on the order of 10 -4 or smaller, indicating that they would not significantly disturb the functioning of the I3 -membrane sensor. In order to obtain a clue about the good selectivity of the triiodide ion relative to other hydrophobic anions, such as SCN -, the UV-Vis spectra of the sensing material with and without interacting with SCN -were obtained. The results are shown in Fig. 4 . The absorptions at 295 and 363 nm are known to be characteristic of the triiodide contact ion pair. 23 As is obvious from Fig. 4 , the intensity of the 295 and 363 nm bands decreased with an increase of SCN -ions to the (DBZDA18C6·I + )I3 -solution. Such a spectral behavior emphasizes the substitution of SCN -with triiodide ion at higher concentrations of the SCN -ion. This behavior indicates a higher stability constant for the I3 -complex (log Kf = 7.46) 24 than for the SCN -, which does not form a charge-transfer complex. Based on this observation as well as the antiHofmeister selectivity of the membrane, it may be stated that a specific interaction between the I3 -ion and a charge-transfer complex in a membrane controls the response mechanism of the electrode. Detecting details of this mechanism requires studies that are more specific.
Analytical Application
The practical utility of the proposed membrane electrode was tested by its use as an indicator electrode for the titration of 50 ml of The electrode was also successfully applied to the direct potentiometric titration of ascorbic acid and hydroquinone with a standard solution of I3 -. The analysis was based upon the oxidation of ascorbic acid and hydroquinone to dehydroascorbic acid and quinone by I3 -(Eqs. (2) and (3)).
(2) (3)
The resulting titration curves are shown in Figs. 6 and 7. As can be seen, the amount of ascorbic acid and/or hydroquinone could be accurately determined with the electrode. The assays of ascorbic acid in orange juice, 20 powder, tablet and effervescent tablets and hydroquinone in its cream sample were carried out using the proposed electrode (Figs. 6 and 7) and the official method. 43 The resulting data are summarized in Table 3 . The determination of dissolved oxygen (DO) in tap water was based on the Winkler method, 21 in which DO oxidized an equivalent amount of a divalent manganese solution in an alkaline medium to hydroxides of higher oxidation states. In the presence of iodide ions in an acidic solution, the oxidized manganese reverted to a divalent state, with the liberation of iodine equivalent to the original DO content. The triiodide was then titrated using a triiodide membrane electrode with a standard solution of thiosulphate (Eqs. (4) - (7)). The obtained results are given in Table 3 , together with those obtained by applying the iodometric reference method. 21 As can be seen, there are good agreements between the results obtained by the proposed and official methods. 
I3 -+ 2S2O3 2-/ S4O6 2-+ 3I -
It should be noted that because of some disadvantages in the application of starch as an indicator in visual titration (specially in color samples), such as the instability of starch in cold water, the formation of water-insoluble complexes between starch and iodine, and also a drift of the end-point in dilute solutions, the use of the proposed triiodide sensor in the determination of a number important chemicals, environmental as well as pharmaceutical organic molecules can improved the accuracy of the obtained results.
Conclusion
A charge-transfer complex between DBZDA18C6 and I2 can be used for constructing a triiodide-selective electrode. The optimum membrane components are 1.6 mg of ionophore (No. 4), 60 mg of DBP as a plasticizer and 33 mg of PVC as a membrane support. The electrode had a linear concentration range of 1.0 × 10 -1 -1.0 × 10 -5 M with a slope of 59.3 ± 0.9 mV/decade and a limit of detection of 6.3 × 10 -6 M.
The electrode had a more specific response to triiodide ion, and could be used for potentiometric titration hydroquinone and ascorbic acid in drugs as well as ascorbic acid in orange juice and dissolved O2 in water with advantages of being fast, sensitive, selective and accurate. This behavior may be due to the high stability constant for the ion-pairing I3 -complex than for the other anions. 23 
